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A Phase Rule Study of the System: Na 2 0-V 2 0 s -H 2 0. 

By R. A. Robinson, G. B. Jones, A. W. Wylie, and J. E. Brundell, 
Auckland University College. 

[Read before the Auckland Institute , September 21, 1938; received by the Editor r 
August 1 , 1938; issued separately, December, 1938.] 

Since vanadium occupies the next position to phosphorus in the 
fifth group of the Periodic Classification, in its quinquevalent state 
it offers certain analogies to the corresponding phosphates, their* 
similarity frequently being emphasised by reference to the ortho r 
pyro and metavanadates, Na 3 V0 4 , Na 4 V 2 0 7 and NaV0 3 respectively. 
It should not be forgotten, however, that acidification of solutions of 
the latter salt produces a marked yellow coloration which has been 
ascribed correctly to the formation in solution of a polyvanadate of 
the type: Na 2 0 ,xV 2 05 , 2 /H 2 0 , x being greater than unity, i.e ., the 
polyvanadate is richer than the meta salt in respect to the acidic- 
radical. Unfortunately, there is no agreement as to the precise 
composition of this salt, at least twenty different polyvanadates 
having been described, with a ratio of Na 2 0: V 2 0 5 , varying from. 
2 : 3 to 1 : 4, depending on the conditions attending their isolation. 
The methods employed in their preparation have almost invariably^ 
consisted in adding a weak acid to a metavanadate solution so as to 
buffer the solution between ph 3 and pn6 and then crystallizing by 
evaporation. No study of this apparently complicated problem had 
been made on the basis of the Phase Rule and we, therefore, thought 
it worth while to make such an investigation. The work has been 
carried out during the last four years, but recently Kiehl and 
Manfredo (1937) have published the results of a similar investigation 
of the isotherm at 30° C. Publication of our results is, nevertheless^ 
desirable because (1) in general the conclusions of the American- 
workers are confirmed, (2) our analytical method is, we believe,, 
superior, (3) our isotherm refers to 25° C. and (4) we come to a 
different conclusion with regard to the nature of the stable poly¬ 
vanadate. 

Method of Analysis . 

Vanadium was always determined by the accurate permanganate- 
titration of the sulphur dioxide reduced solution after removal of 
the excess of sulphur dioxide by carbon dioxide. Sodium was esti¬ 
mated as follows: Britton and Robinson (1930) have shown that the- 
action of silver nitrate solution in excess on a vanadate of sodium 
gives a precipitate in which the ratio of Ag 2 0 /V 2 05 is exactly that 
of the Na 2 0/V 2 Os in the original salt. Thus if a mix ture of* 
Na 4 V 2 0 7 (or 2Na 2 0,V 2 0s) and NaV0 3 (or Na 2 0 ,V r 2 05 ) is made in 
such proportions that the total composition corresponds to 1*£> 
Na 2 0 ,V 2 05 then the first action of silver nitrate is to precipitate the* 
less soluble silver pyrovanadate; but if the reagent is added in excess, 
the residual vanadate is precipitated as silver metavanadate and the- 
composition of the whole precipitate corresponds to 1*5 Ag 2 0 ,V 2 05 . 
The analytical method therefore consisted of adding excess of silver- 
nitrate solution, filtering the silver vanadate precipitate, washing* 
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with cold water, dissolution in ammonia and determination of silver 
bv gravimetric analysis of this solution after acidification with sul- 
nhuric acid Duplicate analyses would agree as closely as 0 0 Jo 
on both Na»0 and V 2 0.-, determinations. If the sample for analysis 
p more alkaline than the orthovanadate, standard sulphuric acid 
MS S« amount to bring: the 

and meta salt in composition. Similarly if Re sample were mo e 
acid than the meta salt sufficient standard alkali was added to produce 
a colourless solution. 


Equilibria with the colourless vanadates. 

Tt will be convenient to describe first the equilibrium at 25 C. 
between"! 1 aqueous” W and solid phases of the colourless ortho 
and metavanadates. These salts were prepared by fusion of 
vanadium pentoxide and sodium hydroxide m difierent proportions 
and the finely ground salt was then stirred with water for a period 
of one to three weeks, employing a mercury seal stirrer ^ “cu 
air. The thermostat was maintained at 25 ± 01. Insome 

3d sodium hydroxide was also added to produce a more a^alme 
mixture. Afte? setting, samples of the liquid phase je^drawn 
by filtration through glass wool into a pipette and the^ solid[was 
sampled by rapid filtration through a sintered glass filter and the 
“ wet residue ” analysed. Analyses of 30 pairs of „ d l tted 

solid ” phases are given as weight percentages in Table I and plotted 
on the usual triangular diagram in Fig. I. 



%\0 t 
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TABLE I. 

THE SYSTEM Na 2 0-V 2 Or-H s O AT 25° C. 


Liquid 

Phase. 

Sdlid Phase. 

*% Na fl O 

°/o V s O B 


% v 2 o 5 

40.33 

0-07 

47-07 

0-05 

40.31 

0-20 

48-22 

0-15 

40-12 

0-36 

49-46 

0-20 

40-27 

0-56 

43-94 

2-96 

37-25 

1-01 

33-59 

14-51 

35-71 

— 

32-82 

14-20 

29-63 

0-21 

29-41 

19-79 

26-32 

0-20 

28-34 

17-77 

25-35 

0-22 

28-33 

19-00 

24-38 

0-28 

27-07 

16-21 

10-56 

1-43 

16-36 

11-50 

9.26 

1-41 

16-26 

10-96 

9-12 

1-87 

16.16 

11-40 

7-96 

3-52 

17-03 

13-96 

9-02 

6-42 

17-45 

15-54 

10-13 

10-58 

16-64 

16-21 

11-02 

12-19 

15-98 

16-32 

11-82 

14-05 

16-24 

17-77 

12-80 

16-97 

15-20 

20-53 

11-26 

14-72 

16-72 

24-35 

10-21 

14-51 

15-78 

23-62 

11-16 

17-80 

15-79 

24-26 

15-66 

26-81 

17-38 

27-97 

12-01 

23-77 

12-46 

24-99 

11-57 

23-62 

19-76 

53-26 

6-16 

14-93 

21-34 

62-48 

2-98 

10-38 

12-36 

37-94 

3-41 

11-70 

11-65 

38-57 

4-48 

14-84 

_ 


4-85 

16-85 

— 

_ 


Solid. 


jNaOH,H 2 0. 

NaOH,H 2 0 + Na 3 V0 4 ,7H 2 0. 

jsTasVO^H.O. 


>Na 3 V0 () 12H 2 0. 


Na,V0 4 12H a 0 + Na 4 V 2 0 7 ,18H.0. 


•Na 4 V 2 0 7 ,18H 2 0. 


|NaV0 3I 2H s 0. 

jraVOa^HoO -f Polyvanadate. 


By drawing tie-lines on the triangular diagram it can be seen 
that at least five solid phases are stable at 25°; in very alkaline solu¬ 
tion NaOH,H 3 0 is the solid phase, but the addition of a very small 
■amount of vanadium pentoxide suffices to bring about a transition to 
Na 3 V04,7H 2 0, a compound which is stable only in presence of an 
■excess of alkali and which would recrystallize from its own solution 
as the dodecahydrate. The tie-lines are sufficient to characterize it 
as Na 3 V04,7H 2 0, the formula given by Hall (1887), and not Na 3 V0 4 , 
8H 2 0 given by Baker (1885). Further addition of vanadium pent- 
oxide leads to Na 3 V0 4 ,12H 2 0, the pyrovanadate Na 4 V->0 7 ,18H.>0 and 
the metavanadate NaV0 3 ,2H 2 0; the tie-lines for the" last sa“lt. not 
-drawn in the diagram, show, in agreement with McAdam and Pierle 
(1912), that the dihydrate and not the anhydrous salt is stable at 25° 
The diagram affords no evidence for the stable existence at 25° of 
the compounds 4 Na 2 °,V 2 ° e ,2 6 (or 30)H 2 0 obtained by Ditte (1887) 
Na 3 y04 l6H 2 0 by Roscoe (1871), Na 3 VO4,10H 2 O by Baker (18851 
or Na 4 V 2 07,8H 2 0 by Ditte (1887). 

After the appearance of the paper by Kiehl and Manfredo 
I-Z ., we “ ade a s P ecial search for the compound Na 3 V0 4 ,2£Ho0 
yhich they found to be stable at 30°. We were able, after stirring 
tor a month, to obtain three sets of points whose tie-lines passed 
approximately through the point corresponding to this compound. 
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The following were the analytical data obtained:— 


Liquid Phase. 
% Na 2 0 
38-27 
38.20 
37-98 


Solid Phase . 

% Na 2 0 % V 2 0 5 
38.82 12.64 

39.33 12 41 

38.44 14-93 


Experimental work in this region is very difficult; moreover, 
this hydrate is stable over only a small range of solution concentra¬ 
tion; this makes it impossible for the tie-lines to converge on the 
solidus point through a large angle and hence it is not possible to 
locate the composition of the compound accurately. The data are, 
however, sufficient to show that the compound is neither the dihydrate 
nor the trihydrate and that the formula NagV0 4 ,2iH 2 0 given by 
Kiehl and Manfredo is likely to be correct. 


Preparation of Polyvanadates . 

A polyvanadate to which we give the formula 4Na 2 0,7V 2 05 r 
33H 2 0 and which we shall refer to as the 4:7 salt, was prepared in 
a number of ways:— 

1. By boiling an excess of vanadium pentoxide in sodium 
carbonate solution. The boiling should be continued for a short time 
only (about ten minutes), as prolonged boiling is apt to form the 
metavanadate; a large residue of the brown floceulent pentoxide is 
always left. Filtration yields a deep red solution from which 
efflorescent orange-red crystals are deposited on spontaneous evapora¬ 
tion at room temperature. Fusion of excess pentoxide with sodium 
carbonate gave only the colourless metavanadate. 

2. After boiling an excess of pentoxide with sodium hydroxide, 
the filtrate on evaporation yielded mainly the metavanadate mixed 
with a few red crystals which analysis showed to be the 4:7 salt. 
Fusion with sodium hydroxide also yielded a mass which after extrac¬ 
tion with water deposited the 4:7 salt. 

3. The best method by which the 4:7 salt can be prepared is by 
the addition of acetic acid to a solution of sodium metavanadate, the 
solution being concentrated to crystallisation by evaporation in vacuo 
over sulphuric acid at room temperature. By this method large 
well-formed crystals can be obtained, washed free from mother-liquid 
and dried in a current of air. The amount of acetic acid may vary 
from one mol to three mols of acid per mol of sodium vanadate, but, 
although the same polyvanadate is formed in each case, two mols 
of acid give the best-formed crystals. 

4. This polyvanadate has also been formed by the treatment of 
1 mol. of sodium orthovanadate in solution with 2*5 mols of perchloric 
acid, crystallisation being effected by evaporation in vacuo . 






394 


Transactions . 


5. Prepared by any of these methods the salt can be re¬ 
crystallised from aqueous solution. 

6. Addition of alcohol to any of these solutions precipitates a 
vivid yellow, apparently amorphous powder which changes over a 
period of days to small orange-red crystals. Analysis of the yellow 
powder showed that it has the same composition as the red crystals 
and the colour difference must, therefore, be brought about by particle 
size. This alcohol precipitation helps to free the salt from traces of 
adhering solution of sodium acetate or perchlorate. 

The best preparation is secured by adding two mols of acetic acid 
to one of sodium metavanadate, throwing down the polyvanadate by 
addition of alcohol and then recrystallizing from water by evapora¬ 
tion over sulphuric acid in vacuo . 


Analysis of Polyvanadate . 

Twenty-four analyses of this polyvanadate have been made. 
The percentages of Na 2 0 and V 2 0 5 so found we do not regard as 
significant by themselves, because it was always difficult to determine 
the point at which air drying ceased to remove adhering moisture and 
began to cause efflorescence. The significance of the analyses can 
be better appreciated if they are expressed as molar ratios of 
Na 2 0:Y 2 0 5 . The following table summarizes the analyses in this 
form:— 


No . of 


Type of preparation . 

analyses . 

Na % 0 

V.O. 

Boiling with Carbonate 

3 

1 

1-767 

NaVOa + HAc 

2 

1 

1-736 

NaaVO* *f HC10 4 

3 

1 

1-749 

Alcohol precipitation 

4 

1 

1-764 

Recrystallisation 

12 

1 

1-757 


The last two methods of preparation give the most reliable 
analyses, and it is evident that the simplest compound with this 
analysis would be 4Na 2 0,7Y 2 0s. Taking into consideration the 
appearance of the crystals before analysis, i.e., the appearance of 
moisture or efflorescence, we believe that the most reliable formula 
is 4Na 2 0,7V 2 0 5 ,33H 2 0 although our most reliable analyses would 
not be markedly inconsistent with the formulation 4Na 2 0,7V 2 05> 
34H 2 0. 






gin. mois. fcfUjO per iOO gm. watei 4 . 
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An analysis of this salt by the method of Kiehl and Manfredo 
•corresponded to 4 Na 20 , 6 * 89^05, 34 H 2 O but we do not consider this 
method of analysis so reliable. 


■Crystallography of Polyvanadate. 

We are greatly indebted to Dr. F. J. Turner for an examination 
of crystals of this polyvanadate. His report is as follows:— 

Habit variable as a result of a tendency for crystals to be 
flattened parallel to any one of the three forms (l, g and h) of 
the principal zone. Two other zones (containing l x and y, or 
l m and n respectively) may be developed, but usually either 
m and -it or a; and y are omitted. The following angles, measured 
from ten different crystals, are probably correct to ±5'. 

lAg = 42° 30' 

9 Ah =49° 5' 

hAV = 88° 25 
l A m' = 56° 52' 
m An = 59° 17' 

Z An =63° 51' 
w A 9 =46° 51' 

m' A 9 — 48° 86' 
wA* =56° 52' 

*AV =61° 25' 
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Symmetry appears to be triclinic, closely approaching monoclinic 
(the axis of the principal zone is almost an axis of binary 
symmetry). Microscopically examined, the crystals are biaxial 
negative, and distinctly pleochroic («<8). 


Preparation of a Polyvanadate unstable at 25°. 

Occasionally in the course of the above preparations the salt 
formed could be seen to be heterogeneous and a second polyvanadate 
could be separated by hand from the mass of crystals. The formation 
of these brownish-orange lath-like crystals was favoured by low 
temperature, e.g., if the evaporation in vacuo were conducted in the 
ice chest. Otherwise their formation seemed to be fortuitous and not 
controllable, but as they could not be recrystallized from water with¬ 
out decomposition into pentoxide and the 4: 7 salt, and no sign could 
be found in the subsequent phase rule investigation of their stable 
existence at 25°, this polyvanadate does not concern the 25° isotherm. 

1 oovTlS! ^ ve analyses gave to this salt the formula Na 2 o' 
xyyv 2 Or„10H 2 O. The crystallographic features, measured by 
Ur. F. J. Turner, are as follows:— * 


Habit lathy, flattened parallel to the optic axial plane. 
.Extinction angle (8 to direction of elongation) = 23°. Distinct 
pleochroism (8 = orange, a = lemon-yellow, S>«). Good 
cleavage parallel to elongation, crossed at 85° by a less perfect 
transverse cleavage (8 lies in the acute angle of intersection of 
the cleavages). 


The 3 :5 Polyvanadate. 

. ., Stained a number of analyses corresponding approximately 

to the salt 3Na20,5V 2 0 5 ,22H20 but these were always obtained from 
so utmns with a higher ratio of Na 2 0: V 2 0 5 under experimental con¬ 
ditions which excluded washing the crystals free from mother liquid. 
A crystallographic examination by Dr. Turner showed that they were 
identical with authentic crystals of the 4:7 salts and we concluded 
that sufficient mother liquid had been left entangled with the crystals 
to give a misleading analysis. We do not, therefore, claim the exist- 
ence ox this salt. 


Equilibria with the coloured Polyvanadate. 

using different mixtures of sodium metavanadate, the 4:7 
and 1: 2 salts and the solution obtained by saturating sodium carbon- 
ate solution with vanadium pentoxide, it was possible to follow the 
equilibria between solid and saturated solutions of composition 
between the metavanadate and what was practically an aqueous 
solution of vanadium pentoxide. The last three lines of Table I 
reter to solutions prepared from the 4:7 salt with sodium meta- 
vanadate as solid phase. The remainder of the analyses are given 
m lable II. 



397 


Robinson— Study of System: Na s O-V B 0 S -H 2 0. 
TABLE II. 

THE SYSTEM Na 2 0-V 2 0 B -H 2 0 AT 25°—(Continued). 


Liquid phase. 


%Na a O 

%v 3 o ; 

3.80 

14.38 

3.75 

13.78 

3.49 

14.28 

3.04 

14.89 

3.09 

15.83 

3.21 

15.76 

3.03 

16.04 

3.23 

16.20 

3.24 

17.13 

3.39 

17.82 

3.79 

21.11 

4.98 

28.17 

5.04 

29.34 

5.20 

30.35 


5.24 

31.02 

4.64 

28.70 

3.42 

24.03 

3.48 

22.38 

2.76 

18.64 

2.30 

16.47 

2.11 

15.25 

2.16 

13.93 

1.29 

9.07 

0.73 

4.43 


Solid phase . 


%Na a O 

%V 2 0 B 

12.42 

61.95 

10.30 

51.12 

10.30 

56.74 

11.13 

56.16 

9.37 

51.88 

9.68 

55.59 

11.56 

59.51 

10.83 

52.89 

10.24 

55.74 

11.14 

57.25 

11.25 

56.55 


10.90 

58.99 

7.44 

46.44 

4.30 

37.11 

3.68 

48.16 

10.18 

51.97 

9.68 

50.41 

5.90 

32.88 


Solid. 


. 4Na a O,7 V a 0 5 ,33H»0 


“ v,o 5 ” 


A triangular diagram is not satisfactory for illustrating the 
equilibria in this region; tie-lines drawn on a large scale on such 
a diagram show that the first set of lines in the above table converge 
on a point but the angle subtended by the liquidus is too small to 
enable the composition of the solid phase to be determined with 
certainty. We relied therefore on the appearance of the solid phase 
and the analyses of the purified polyvanadate to characterise it as 
the 4:7 salt. A graph in which mols of Na 2 0 per 100 gram of 
solution are plotted against mols V 0 O 5 per 100 grams of solution 
(Fig. 33) shows the equilibria very clearly, giving two loops charac¬ 
teristic of solutions in equilibrium with the metavanadate and the 
polyvanadate and a third region which we have denoted “ V 2 O 5 .” 
On a triangular diagram the tie-lines in this region do not converge 
on a point, although some of them'pass close to the point for the 
4:7 salt, yet their non-crystalline appearance showed that they 
represent a different equilibrium. We conclude that those solutions 
are in equilibrium with vanadium pentoxide containing loosely 
combined adsorbed alkali. 
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Summary. 

The system Na20-Y205-H 2 0 can be in equilibrium at 25° with 
eight solid phases, viz. NaOH,H 2 0; Na 3 V04,2|H 2 0; Na 3 V04,7H 2 0; 
Na8V04,12H 2 0 ; Na4Y 2 0T,18H20; NaV03,2H 2 0j 4 N820,7V 2 08,33 (of 
34)H 2 0; and vanadium pentoxide containing adsorbed alkali. 

Only one polyvanadate is stable at 25° and optimum conditions 
for its preparation are described. A second polyvanadate has been 
isolated and appears to be more stable at lower temperatures. 


References. 

Bakes, H.— J. Ohetn. Soc., 1ft, 357 (1885). 

Bmtton, H. T. S., and Robinson, R. A.— J. Ghent.. Soc., 2328 (1930). 

Ditte, A.— Oompt. rend., 104, 902, 1061 (1887). 

Haix, J. A.— J. Chem. Soc., 51, M (1887). 

KlEBn, S. J., and Manssedo, E. J.— J. Amer. Chem. Soc., 59, 2118 (1937). 
McAdam, D. J., and Pieble, C. A.— J. Amer. Chem. Soc., 34, 604 (1912). 
Roscoe, H. E.— J. Chem. Soc., 21 h 23 (1871). 


